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We have recently described a needle-free method of vaccination, transcutaneous immunization, consisting of 
the topical application of vaccine antigens to intact skin. While most proteins themselves are poor immunogens 
on the skin, we have shown that the addition of cholera toxin (CT), a mucosal adjuvant, results in cellular and 
humoral immune responses to the adjuvant and coadministered antigens. The present study explores the 
breadth of adjuvants that have activity on the skin, using diphtheria toxoid (DTx) and tetanus toxoid as model 
antigens. Heat-labile enterotoxin (LT) displayed adjuvant properties similar to those of CT when used on the 
skin and induced protective immune responses against tetanus toxin challenge when applied topically at doses 
as low as 1 (Jig. Interestingly, enterotoxin derivatives LTR192G, LTK63, and LTR72 and the recombinant CT 
B subunit also exhibited adjuvant properties on the skin. Consistent with the latter finding, non-ADP- 
ribosylating exotoxins, including an oligonucleotide DNA sequence, as well as several cytokines (interleukin-ip 
[IL-ip] fragment, IL-2, IL-12, and tumor necrosis factor alpha) and lipopolysaccharide also elicited detectable 
anti-DTx immunoglobulin G titers in the immunized mice. These results indicate that enhancement of the 
immune response to topical immunization is not restricted to CT or the ADP-ribosylating exotoxins as 
adjuvants. This study also reinforces earlier findings that addition of an adjuvant is important for the 
induction of robust immune responses to vaccine antigens delivered by topical application. 



Worldwide rates of immunization for diphtheria, pertussis, 
tetanus, polio, measles, and tuberculosis have increased dra- 
matically over the last 20 years. Barriers to mass immunization 
vary widely among economic markets, but common constraints 
include the requirement for trained personnel, the association 
of vaccines with needle-related diseases and injuries, and cold- 
chain and transport issues. Development of less-invasive and 
more readily administered vaccines has thus become a priority 
for public health agencies and is associated with an emergence 
of new technologies in the areas of vaccine delivery vehicles 
and routes of administration (1, 15, 19, 25). 

Researchers have recently described transcutaneous immu- 
nization (TCI), a needle-free method for delivering vaccines to 
the host by simple application of adjuvant and antigen to the 
exterior skin surface (15, 16, 17, 18, 19, 29). Our previous 
studies demonstrated that cholera toxin (CT) applied to the 
skin could be used as an adjuvant to elicit serum immunoglob- 
ulin G (IgG) responses against itself and coadministered anti- 
gens, including bovine serum albumin, diphtheria toxoid 
(DTx), hen egg lysozyme, tetanus fragment C, and tetanus 
toxoid (TTx). The humoral responses elicited by TCI are 
boosted by sequential applications, and antibodies are detect- 
able in lung and stool exudates (16, 17), suggesting the poten- 
tial for eliciting mucosally relevant immunity by this method. 
Moreover, we have reported that application of CT and DTx 
onto the skin induces a proliferative response against DTx in 
the spleen and draining lymph node tissue that is associated 
with antigen-specific CD4 + T-cell activation (18, 29). Similar 
observations have been made with hen egg lysozyme, a soluble 
I.eishmcmia parasite extract, and recombinant malarial pro- 
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teins (T. Scharton-Kersten, unpublished observations). Based 
on these results, human trials have been initiated to evaluate 
the feasibility of this technology for safely and effectively ad- 
ministering human use vaccine antigens. 

Our initial studies of TCI focused on the adjuvant activity of 
CT, an 86-kDa member of the bacterial ADP-ribosylating exo- 
toxin family that is composed of a single protcolvticaHy acti- 
vated A chain (27 kDa) and five B chains (12 kDa). The 
mucosal adjuvant function of CT is well described for numer- 
ous experimental and vaccine antigens administered by the 
oral, intranasal, and intrarectal routes (2, 12, 26), although the 
diarrhea associated with the A subunit activity has prevented 
its use in human vaccines (24). One concern with the TCI 
method is the use of high doses of the "toxic" CT molecule as 
an adjuvant. However, topical application of CT does not ap- 
pear to result in the side effects that may occur with its oral, 
intranasal, and parenteral uses (6, 15, 16). 

The primary goal of the present study was to identify the 
breadth of compounds that might be employed as adjuvants for 
TCI. Heat-labile enterotoxin (LT) was an obvious candidate 
adjuvant for TCI since it shares 82% amino acid homology 
with CT and has been shown to induce quantitatively similar 
mucosal immune responses compared to CT following oral and 
intranasal administration (32). In contrast to CT, LT may be 
less prone to the induction of diarrhea in humans (24, 27), and 
it has been suggested that LT induces a stronger Thl response 
than CT (32). Comparison of CT and LT applied to the skin 
with DTx revealed that both proteins induced qualitatively and 
quantitatively similar responses against DTx in the serum. An- 
ti-DTx IgGl was the predominant subclass induced in both 
groups, with a weaker but clearly detectable IgG2a response. A 
second series of experiments using TTx as the coadministered 
antigen revealed that a dose of LT as low as 1 |xg could be 
combined with as little as 5 |xg of TTx to induce a protective 
immune response. 
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Our results with CT and LT indicate that the ADP-ribosy- 
lating exotoxins are potent topical adjuvants. However, while 
these studies were consistent with an association between the 
ADP-ribosylating activity and adjuvant activity on the skin, it 
was not clear whether the enzyme function was absolutely 
required during TCI. To address this question, a wide variety 
of structurally dissimilar compounds were applied to the skin, 
and the induction of antigen-specific immune responses was 
assayed. Two broad classes of compounds were evaluated: de- 
rivatives of CT and LT with attenuated ADP-ribosylating ac- 
tivity (CT B subunit [CTB], LTR192G [4], LTK63 [10], and 
LTR72 [13]) and molecules that lacked the CT A subunit or its 
enzyme function entirely (cytokines, DNA, alum, and bacterial 
products). Most of the compounds evaluated were capable of 
eliciting a serum antibody response against the coadministered 
antigen, indicating that ADP-ribosylating activity is not essen- 
tial for topical adjuvant function. 



MATERIALS AND METHODS 

Animals. BALB/c and C57BL/6 mice were obtained from Jackson Laborato- 
ries (Bar Harbor, Maine). Mice (6 to 10 weeks old) were maintained in patho- 
gen-lrcc conditions and led lodcnl chow and water ad libitum. 

Antigens and adjuvants. CT and DTx, purified CTB (pCTB), recombinant 
(II, Sulmoi 'lu i' i: , • scro ai Minnesota R595 lipid A, and tetanus toxin 
(TT) were purchased from List Biologicals (Campbell, Calif.). LT and TTx were 
provided by Berne Laboratories (Coral Gables, Ha.). ( 'omplclc Freund adjuvant 
(CFA), interleukin-ip (IL-10) fragment, IL-2, IL-12, Escherichia coli 0:127:B8 
I PS, muramyl dipeptide (MDP ["adjuvant peptide"]), Salmoi:dlu rmerh a scro- 

var Typhimut 11 | I list I \ I I s ind I , 

toiv] 11 I i I I ■ i n h i III im i in i hi il si. I oui 
Mo.). Tumoi necrosis faetoi alpha (TNF-k) was procured from Fndogcn Corp. 
(Woburn, Mass.), Alum was acquiied fiom Reheis, Inc. (Heikele\ Spiings, N.J.). 
Oligonucleotide 1826 (also referred to as Cp(il) and conttol oliuonucleotide 
were obtained from Oligos, Lie. (Wilsonville, Oreg.). LTK63 and LTR72 were 
generous gifts of Rino Rappuoli (Chiron S.p.A, Siena, Italy), and LTR192G was 
a gift of John Clements ( lulanc University Medical Center. New Orleans, La.). 

Immunizations. Mice were shaved on the dorsum with a no. 40 clipper and 
rested tot 48 h. Groups of 3 to 15 mice were anesthetized in the hind thigh 
intramuscularh with I 10 mg of ketamine pel kg ol both w eight mixed with 11 mg 
of xylazine per kg during the immunization procedure to prevent grooming. The 
shaved skin was hydrated by wetting with water-drenched gauze for 5 min and 
lightly blotted with dry gauze prior to immunization. 1 hen 50 to 100 fd of 
immunizing solution was placed on the shaved skin o\cr an appi o\imalel\ 2-cm' 
area for 2 h. The mice were then extensively washed, tail down, under t tinning. 

Tlx challenge Ik 're hallenged with Tl pi i u I lescribed (11) 
I he mice were injected subeulaneouslv in the abdomen w ith 3S~ pg of I Ix in 
nutrient brotbdiorale bullei (1:21 and then obseived lot survival for 12 days. 

Antibody assays. Antibody levels against CT, DTx, LT, and TTx were deter- 
mined using enzyme-linked immunosorbent assay (ELISA). For total IgG de- 
b i initiations, Immulon-j pobstviene plates (Dynatech Laboratories, Chantilly, 
Va.) were coaled with (l.l u.g of antigen per well in saline, incubated at room 
temperature overniahl, blocked with U.y.<, casein with V-.c Iween 20, and 
washed: serial dilutions of serum were then applied, and the plates were incu- 
bated for 2 h at room temperature. Specific IgG (heavy plus light chains [H+L]) 

i 'd k I ted using hoi l .relish pel ida bill d i a in i-ltiou Ig( . 

(H+L; Bio-Rad, Richmond. Calif.) and revealed aftei 30 min using 2,2'-azino- 
bis(3 etbylbenzthia/.oline .u I Ionic acid) substrate (All I S: kirkegaard and Pcriy, 
Gaithersburg, Md.), and the reaction was stopped using r, sodium dodecvl 
sulfate. IgG subclass antibodies weu measuied as pi, viousK described (14). The 
plates were lead at 405 nm. Results of the total Ig( . assays are reported in I I ISA 
units (hi ), which are defined as the imersc dilution of the sera thai yields an 
optical density ( ( )l >) of 1 .11 at 405 nm. Picbleed and control values are reported 
in I U (Ol) dilution) but were determined as duplicate samples at a single 
(1/100) dilution. 

Lung washes were obtained from immunized mice as previously described 
(30). 1 he mice were sacrificed and exsanguinated b\ cardiac puncture, the tia- 
cheas were transected, 22-gaugc polypropylene tubing was inserted, and phos- 
phate bull ei eel -.aline was infused to ge rub in Male the lungs I he infused male i ial 
was then withdrawn and reinfused for a total of three cycles and stored at -20°C. 
In previous studies, dipstick hemoglobin testing in samples from more than 100 
mice indicated the absence of contaminating blood in the lung wash (G. R. 
Mal\as, unpublished observations). 

Statistical analysis. Unless otherwise indicated, the data shown are the geo- 
mcti ic means of values from individual animals. ( ompai isons between anlihoek 
liters in groups were pet formed be using ;m unpaired, two-tailed Student's 1 test 



using Microsoft Excel (Microsoft Corp., Redmond, Wash.), and P values of 
■ :0.05 were leg.ml. el a i ■ 

RESULTS 

Adjuvant properties of CT and LT following topical appli- 
cation to the skin with DTx. It has been previously shown that 
CT is an effective adjuvant on the skin, inducing serum and 
mucosal immune responses against itself and coadministered 
antigens such as DTx (15, 16, 17, 18, 29). LT is also a member 
of the bARE family that is produced by a distinct bacterial 
strain, E. coli rather than V. cholerae, but is similar to CT in its 
amino acid sequence and tertiary structure. To determine 
whether LT might function as an adjuvant on the skin, 
C57BL/6 mice were immunized topically three times at 4-week 
intervals with DTx in the presence of 100 |xg of CT or LT, and 
the development of anti-DTx IgG titers was measured in the 
serum. Comparable anti-LT or -CT titers were observed in 
groups receiving adjuvant alone or antigen and adjuvant (Fig. 
1A and B), indicating that the addition of the antigen does not 
interfere with the immunogen function of these proteins. Both 
CT- and LT-adjuvanted groups displayed readily detectable 
anti-DTx IgG titers after the second immunization (Fig. 1C 
and D). After the third immunization at 8 weeks, a 10- to 
100-fold boost was observed, resulting in geometric mean titers 
in serum of approximately 10,000 anti-DTx IgG EU in both 
groups. The EU value is a conservative estimate of titers de- 
fined as the inverse of the dilution resulting in an OD^ of 1.0. 
Sera of control animals immunized with DTx or adjuvant (CT 
or LT) alone contained <25 EU of DTx-specific IgG at all time 
points. 

Although the magnitude of the serum anti-DTx IgG titers 
was comparable in animals treated with LT or CT, it was 
possible that the quality of immunity induced by these adju- 
vants might differ. To test this concept, serum from mice im- 
munized with CT and DTx or LT and DTx was analyzed for 
antigen-specific IgGl, IgG2a, and IgG2b titers (Table 1). Of 
the IgG subclasses, the IgGl titers were the highest in both 
groups. A consistent but relatively lower IgG2a response also 
developed in both groups. IgG2b levels were negligible. Thus, 
similar Ig( i subclass profiles were observed in mice immunized 
with DTx and either CT or LT. 

Immunization of mice with LT and TTx induces a protective 
anti-Fix immune response. Our standard adjuvant-antigen 
dose for immunizing mice and screening antigens and adju- 
vants has been 100 |xg of each protein. These doses were 
chosen empirically without a formal analysis of the lower limits 
required for the topical vaccination. To address the possibility 
of utilizing lower antigen and adjuvant doses for immunization, 
a range of doses of TTx (0, 1, 5, 10, 25, and 50 ixg) and LT (0, 
1, 5, 10, 25, 50, and 100 ixg) were applied to mice, and the 
resulting antigen-specific titers were assessed in the serum 2 
weeks after the third immunization. None of the mice immu- 
nized with adjuvant alone displayed detectable anti-TTx titers. 
Similarly, mice immunized with TTx alone, in the absence of 
LT, exhibited very low or undetectable anti-TTx titers regard- 
less of the antigen dose, although the higher doses (25 and 50 
ixg) clearly elicited some TTx responders (Fig. 2). However, 
the addition of even 1 |xg of adjuvant induced an anti-TTx 
antibody response that was several orders of magnitude higher 
than that observed in the group exposed to the antigen alone 
(Fig. 2). Both the antigen and the adjuvant doses clearly influ- 
enced the magnitude of the serum anti-TTx responses, with a 
threshold for consistent responses achieved at TTx doses of >5 
ixg and at LT doses of >1 u.g. 

The biological significance of the anti-TTx responses elicited 
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was evaluated by challenging the mice with a lethal dose of 
tetanus toxin (—387 pg/mouse) and monitoring survival (Table 
2). All (n = 42) of the mice which failed to receive TTx during 
the immunization succumbed within 5 days of the challenge. In 
contrast, mice receiving >5 ixg of TTx and 1 to 100 |xg of LT 
were consistently protected, displaying 80 to 100% survival at 
12 days following the challenge. As predicted by the serum 
anti-TTx titers, survival was sporadic in the groups immunized 
with 25 or 50 |xg of TTx without adjuvant and in the groups 
receiving 1 |jig of TTx with adjuvant. 



TABLE 1. Serum anti-DTx subclass analysis in mice immunized 
with CT and DTx or with LT and DTx° 



Immunization 


Mean IgG concn (n-g/ml) 




group 


IgGl IgG2a 


IgG2b 


CT+DTx 
LT+DTx 


36.5 (1.9-584. 1) 13.7 (0.9-159. 1) 
44.3 (4.7-394.8) 8.9 (1.2-23.0) 


0.5 (0.3-0.7) 
0.5 (0.1-2.1) 



" C57BL/6 mice (n = 5) were immunized on the skin with CT and DTx (100 
u.g each) or LT and DTx (100 u-g each) at 0, 4, and 8 weeks. Sera collected 4 
weeks after the Una) immunization were assayed Lot DTx-speciiic IgUl, lgU2a. 
and Ig( 12b In I LISA as described in Material and Methods Sera from unim- 
munized mice or animals immunized with adjuvant or antigen alone contained 
undetectable levels of DTx-specific antibody (si, 0.5, and 0.05 ng/ml for IgG, 
Ig(i2a, and IgG2h, respectively). Values in parentheses are ranges 



Use of genetically modified LT, LTR192G, LTK63, and 
LTR72, as topical adjuvants. LT is composed of two subunits: 
an A subunit containing the ADP-ribosylation activity and the 
B subunit that contains the cell surface binding region (7). The 
ADP-ribosylating activity of LT has been associated with its 
oral and nasal adjuvant function and the toxicity of the holo- 
toxin. The possible dissociation of adjuvant activity from gas- 
trointestinal toxicity is an active area of research that has 
resulted in the generation of several LT mutants that maintain 
signilicant adjuvant activity with reduced side effects. We have 
screened three of these mutants for their topical adjuvant 
potential using a 100-jxg dose of adjuvant. In the first experi- 
ment (Fig. 3), mice were immunized with DTx and native LT 
or LTR192G, a toxin derivative with a mutation in the trypsin- 
sensitive loop that joins the Al and A2 moieties of the A 
subunit (9). Serum anti-DTx IgG titers determined after the 
third immunization were indistinguishable between the groups 
receiving holotoxin or LTR192G. In a second experiment (Fig. 
3), LTK63 and LTR72, two active-site mutants with reduced 
ADP-ribosylating activity and toxicity (10, 13) were screened as 
adjuvants using DTx as the coadministered antigen. After a 
series of three immunizations, the serum anti-DTx IgG titers 
were elevated in both groups compared to the prebleed titers. 
All three LT derivatives exhibited topical adjuvant functions, 
although direct comparison of the three mutant adjuvants was 
not done and experiment 2 used only historical controls. 
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FIG. 2. Ami- Tlx respond in mice immunized with various doses of antigen and adjuvant. < "5" I si .-6 roiiv {r. 5) were immunized on the 
indicated above each panel) and TTx (doses indicated on the x axis) at 0, 4, and 7 weeks. I he intramusculai' gioup was immuni/ed with alum and 
at I). 4, and 8 weeks. Seta collected 2 weeks aftei the final immunization were assaved lor I l\-specilic Ig( I In I I ISA as described in Materials 
geometric mean (bai > and imlp idual > alues (open circles) arc shown for each group. 

Adjuvant activity of the recombinant CTB subunit on the 
skin. Oral and intranasal studies using the CTB subunit and 
coadministered antigens have yielded conflicting results re- 
garding CTB adjuvant activity (3). The source of the CTB used 
by different laboratories, purified or recombinant, is one factor 
that has impeded interpretation of research addressing this 
issue. To address this question in our model, the adjuvant 
effects of topically applied CTB were evaluated using purified 



with LT (doses 
TTx (5 (xg) doses 
and Methods. The 



CTB (pCTB), recombinant CTB (rCTB), or rCTB spiked with 
f % holotoxin coadministered with DTx. Animals were immu- 
nized at 0, 4, and 8 weeks, and the development of elevated 
DTx-specific IgG was monitored in the serum for 12 weeks. 
Relative to the cohort receiving DTx alone, all of the adjuvants 



Experiment 1 



Experiment 2 




" All groups contain 5 mice except as indicated (*, n = 14; t. « = 4). Mice (n 
5 to 14) were challenged with 387 pg of TT by the subcutaneous route 4 weeks 
after lire third immuni/alion. Animals which were nor protected succumbed 
within 3 to 7 days of toxin exposure. 



LT LTR192 pre I.TK63I.TR72 

adjuvant for immunization 

FIG. 3. Anti- DTx antihodv response using I.T or IT mutant toxins as adju- 
vants. ('.^7151. /ft mice [r: a) were immunizcd\>n the skin with I.T or I T mutants 
and I) ( 100 |xg each) at 0, 4, and S weeks. Sera collected 4 weeks after I he final 
immunization were assayed for DTx-specific IgG by ELISA as described in 
Materials and Methods. The geometric mean (bar) and individual values (open 
circles) are shown for each group. 
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FIG. 4. Anti-DTx antibody response using CT, rCTB, or purified CTB as 
adjuvants. C57BL/6 mice (n = 5) were immunized on the skin with (50 jig of 
each) either CT, rCTB containing no CTA activity, pCTB with <1% residual 
CTA activity, or rCTB will! 1 '"„ ( • f added and I ) 1 \ ( 1 00 jxu) at 0, 4, and 8 weeks. 
Seia collected 4 weeks altei each immunization wete assa\ed lor I) Ix-speeilic 
I ill i I in M rial nd Metl Is. In panel Uk i i 

over time. In panel B, the comparative individual anti-DTx responses (open 
circles) and geometric mean (hats ) using rCTB or CT alone are shown at 2 weeks 
after the third immunization. Responders per group (greater than twice the 



or combinations enhanced the DTx-specific IgG titers, suggest- 
ing that the CTB subunit alone contains adjuvant function 
when applied to the skin (Fig. 4). However, when the adjuvant 
activity of either pCTB or the "spiked" rCTB was compared to 
that of the rCTB alone, the DTx titers elicited were signifi- 
cantly higher after the third immunization (P < 0.05). Thus, 
while the CTA subunit is not strictly required for adjuvant 
function, its presence is associated with optimal activity. 

Oligostimulatory DNA, "CpG" sequence, as an adjuvant for 
topically applied antigen. Oligostimulatory DNA sequences 
have recently been shown to have adjuvant properties in intra- 
nasal and parenteral immunization approaches (5, 8, 23). To 
determine whether these short DNA molecules might also 
function as topical adjuvants, the recently published sequence 
1826 (TCCATGACGTTCCTGACGTT, referred to as CpGl 
or CpG) (33) was applied to the skin with DTx at 0, 4, and 8 
weeks, and the resulting anti-DTx IgG titers were determined. 
Mice receiving topical applications of the CpG sequence with 
DTx developed elevated anti-DTx IgG responses in the serum, 
with kinetics that were similar to those observed in a separate 
cohort immunized with CT and DTx (Fig. 5A). One appealing 
feature of CT as an adjuvant is its ability to promote antibody 
responses to itself and coadministered antigens in mucosal 
tissues. Previous studies in this laboratory revealed that trans- 
cutaneous application of CT and DTx results in DTx-specific 
IgG in lung secretions and stool homogenates. As shown in 
Fig. 5C, animals immunized on the skin with the 1826 CpG 



sequence and DTx also developed antigen-specific IgG in the 
lung secretions, as did the mice immunized with CT (Fig. 5B). 
Anti-DTx IgG was not detectable (<0.1 at a 1:5 dilution) in 
lung wash samples from naive mice or animals immunized with 
an irrelevant control protein. 

CpG sequences are associated with preferential induction of 
Thl responses when introduced to the host by parenteral and 
intranasal routes (5, 8, 23). Based on these results, we hypoth- 
esized that topically applied CpG sequences might also en- 
hance the Thl-associated humoral response, i.e., IgG2a, in the 
serum. However, application of CpGs with DTx on the skin 
resulted in both increased anti-DTx IgG2a (Thl) and IgGl 
(Th2) responses and, as observed with LT and CT, the IgGl 
response was predominant (Table 3). 

LPS, cytokines, and other non-ADP-ribosylating com- 
pounds as adjuvants for antigen administered transcutane- 
ous^. The ability of rCTB, which lacks ADP-ribosylating ac- 
tivity, to function as a topical adjuvant suggested that other 
non-ADP-ribosylating compounds might also be active on the 
skin. To test this concept, several compounds associated with 
adjuvant activity following parenteral, oral, or intranasal ap- 
plication were tested on the skin using DTx as the coadminis- 
tered antigen. For screening adjuvants on the skin, a single 
dose was selected based on cost, availability, and a dose of CT 
(100 jxg), the current topical standard. In the first experiment, 
IL-ip fragment (200 |_ig), IL-2 (1 |xg), IL-12 (1 u.g), and TNF-a 
(0.83 jxg) were tested using CT (100 |xg) and CpG sequence 
1826 (100 |xg) as positive controls and a non-CpG DNA se- 
quence as a negative control. Anti-DTx IgG titers were <20 
EU in all of the prebleed samples and in the five mice receiving 
DTx alone or with the control DNA sequence. In the experi- 
mental groups, all of the adjuvants tested displayed some de- 
gree of activity on the skin as defined by the induction of 
anti-DTx IgG titers of >4-fold over that observed in the high- 
est average prebleed in that experiment (i.e., >40 EU for 
experiment 1 and >108 EU in experiment 2). Thus, following 
the third immunization, IL-ip fragment induced responses in 
two of five mice, IL-2 in three of five mice, IL-12 in three of five 
mice, and TNF-a in three of five mice. Screening of LPS (100 
(jtg), CFA (diluted 1:4 with antigen solution), alum (100 jxg), 
and MDP (100 |xg) in a second experiment also revealed ad- 
juvant activity for these compounds, with V. cholerae LPS yield- 
ing responses in four of five mice, Shigella LPS in three of five 
mice, CFA in four of five mice, alum in four of five mice, and 
MDP in two of four mice. 



DISCUSSION 

TCI is based on the premise that systemic immune responses 
can be initiated by immune stimulation at the surface of the 
skin. The role of the adjuvant appears to be crucial for the 
induction of robust immune responses by this route (15, 17, 
29). Although CT was used as the adjuvant in the earliest 
studies, we hypothesized that the immune stimulation could be 
provided by a variety of adjuvants known to use different mech- 
anisms for activating antigen-presenting cells. In the present 
study, we confirm that TCI is not limited to CT or bAREs with 
ADP-ribosylating exotoxin activity and does not require bind- 
ing of ganglioside GMj by the B subunit of CT. Rather, a wide 
variety of adjuvants can act to stimulate the systemic immune 
responses that characterize TCI. 

Previous studies had shown that LT could induce anti-LT 
responses when applied topically (17). LT and CT are homol- 
ogous and share similar molecular organizations and binding 
activities. LT has been shown to act as an oral adjuvant in 
humans (27) and as an oral and nasal adjuvant in mice (21). In 
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the present study, LT acted as an adjuvant for topical immu- 
nization using DTx as a test antigen (Fig. 1). The use of LT as 
an alternative to CT and the essential role of the adjuvant for 
the induction of robust immune response were more exten- 
sively demonstrated using TTx as the antigen (Fig. 2). In fact, 
the addition of as little as 1 |xg of LT stimulated a several-log 
increase in anti-TTx antibody titers, thus illustrating the im- 
portant role that the adjuvant plays in the immune response 
induced using TCI. Additionally, studies using CT had shown 
that antibodies induced to coadministered antigens as well as 
CT were functional in protection models (16, 17). Anti-TTx 
antibodies induced by LT were similarly protective in the tet- 
anus challenge model, with solid protection resulting from as 
little as 5 ixg of LT and 5 u,g of TTx (Table 2). 

To extend these findings, mutants of LT with attenuated 
ADP-ribosyltransferase activity or devoid of this activity or 
with inactive trypsin cleavage sites were evaluated as adjuvants 
for the test antigen DTx. These adjuvants are thought to have 



TABLE 3. Serum anti-DTx subclass analysis in mice immunized 
with CT and DTx or with CpG and DTx* 

Immunization Mean ^ G concn (^ ml > IgGl/IgG2a 



CT+DTx 172.7(65.8-516.2) 10.2(4.3-18.0) 17(4-35) 
CpGl+DTx 6.8(0.7-109.7) 1.1(0.3-6.9) 13(12-16) 

Expt 2 

CT+DTx 136.7(19.2-612.2) 10.1 (2.4-37.7) 13 (8-21) 
CpGl+DTx 4.2(2.6-8.5) 0.2(0.0-0.8) 21(11-94) 

" C57BL/6 mice (n = 5) were immunized on the skin with CT and DTx (100 
|j.g each) or with CpGl and DTx (100 |xg each) at 0, 4, and 8 weeks. Serum 
collected 1 li Lb inal immunization h ryed ill p i 1 IgUl 
and Ig( i2,i In 1 1 ISA as described in MaK-iials and Methods. Sera from unim- 
munized mice or animals immunized with adjuvant or antigen alone contained 
undetectable levels of DTx-spccific antibody (si ng/ml [IgGl], 0.5 ng/ml 
|IgG2a||. Values in parentheses are ranges. 
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TABLE 4. Use of non-ADP-ribosylating 



s adjuvants for DTx administered by TCI" 



Expt and adjuvant ((jog) 



Anti-DTxIgG (HI.' I 



















Control DNA sequence (100) 


slO 


19 


12 


5 


5 


11 


0/5 


CT (100) 








'4 P4 


113,894 








<6 




22 750 






'll5 


V5 


IL-1|3 fragment (200) ^ ^ ^ 
















IL-2(1) 


«=2 


13 


111 


345 


49 


35 


3/5 


IL-12 (1) 


<4 


57 


425 


43 


5 


17 


3/5 


TNF-a (0.83) 


<1 


1,808 


830 


7 


1,477 


7 


3/5 


Expt 2 


«13 


31 


16 


9 


6 


23 


0/5 


CT (50) 


slO 


4,887 


76,282 


201.637 


1,027 


2,848 


5/5 


LT (50) 


<27 


35,603 


16,886 


37,472 


5,621 


5,007 


5/5 


Shigella LPS (100) 


<10 


311 


198 


16 


261 


10 


3/5 


V. cholerae LPS (100) 


<12 


122 


768 


111 


1,066 


50 


4/5 


CFA (1:4 with antigen solution) 


- 16 


630 


1,905 


106 


294 


996 


4/5 


Alum (100) 


<5 


648 


81 


340 


801 


109 


4/5 


MDP (100) 


<10 


512 


44 


548 


23 


NA 


2/4 



" Mice (6 to 8 weeks of age) were immunized on the skin with DTx (100 |ju>) and the indicated adjuvants at 0, 4, and 8 weeks. At 12 weeks after the primary 
immunization, the animals were bled, and the anti-DTx titers were determined using an ELISA. The results are reported in I T, which are defined as the inverse of 
the dilution yielding an Of),,, of 1.0. Positive K responding mice are defined by the induct ion of anti-D |\ Ig( i titers " 4- fold o\ ei that observed in the mean prebleed 
samples (i.e., 40 RU for experiment 1 and >108 EU for experiment 2). Pre. preblecding liter for group. Numbers used as column heads refer to individual mice [r, 
= 5) in each group. 



a lower propensity for adverse side effects. Although the rela- 
tive potency of these adjuvants was not fully examined, it did 
appear that the absence of ADP-ribosyltransferase activity de- 
creased the magnitude of the immune response to DTx (Tig. 
3). Similarly, when rCTB, which is also devoid of ADP-ribo- 
syltransferase activity, was used as the adjuvant, anti-DTx an- 
tibody responses were of lower magnitude than those of the CT 
holotoxin-adjuvanted group. When a small amount of holo- 
toxin was added to the rCTB, the adjuvant activity was restored 
and the spiked rCTB had a potency comparable to that of CT 
alone (Fig. 4). This concept is further reinforced by the obser- 
vation that purified CTB, which contains a small amount of 
holotoxin, was also equipotent as an adjuvant with the holo- 
toxin. In another study, the use of CTA alone as an immuno- 
gen suggested that the B subunit was important for potent 
adjuvanticity (17). The relative contribution and mechanisms 
underlying the adjuvant activity of CT, LT, their mutants, and 
subunits are debated in the context of nasal and oral delivery 
(2, 13, 26), but the data presented here support their use as 
adjuvants for TCI and thus provide several options that can 
circumvent the potential problems with holotoxins. 

To further explore the general observation that TCI is not 
restricted to CT, we evaluated a wide range of readily available 
adjuvants and cytokines for adjuvant activity in a topical ap- 
plication. LPS, TNF-a, IL-lp, and CpGs (22) are known to be 
activators of Langerhans cells, and IL-12 is a product of acti- 
vated Langerhans cells. IL-2, alum, CFA, and MDP are well- 
known adjuvants with different mechanisms of immune stim- 
ulation (31). As shown in Table 4, each adjuvant stimulated a 
response to the coadministered antigen that was greater than 
that with antigen alone. It is important to note that this type of 
screening experiment does not optimize the formulation for 
delivery. The empiric dose, the antigen adjuvant ratio, and the 
aqueous vehicle may all have important effects on the efficiency 
of delivery and, therefore, the magnitude of the immune re- 
sponse elicited. The improvement of efficiency in delivery by 
optimization is illustrated by the results in Fig. 2, where as little 
as 1 ixg of LT and 5 ixg of TTx induced a robust anti-TTx 



response in contrast to earlier studies (15), where the immu- 
nization was not optimized. Thus, each adjuvant considered for 
use in TCI would be expected to require optimization for 
efficient delivery, consistent responses, and potent immune 
stimulation. 

There have been reports that LT and CT elicit qualitatively 
different immune responses; LT stimulates a Thl-type re- 
sponse, and CT reportedly stimulates a Th2 response (32). 
However, when the anti-DT antibody responses were evalu- 
ated for IgG subclass differences that might reflect a Thl-Th2 
polarity, no difference between CT and LT was seen in the 
present study, and both IgGl and IgG2a were produced, indi- 
cating a mixed immune response. Surprisingly, even CpGs, 
known for their strong propensity for Thl polarity in T-cell 
assays (23) and in vivo models such as leishmaniasis (33), did 
not demonstrate a clear shift to greater amounts of IgG2a 
compared to the response elicited by CT or LT (Table 3). 
Clearly, the polar T-helper responses elicited may be depen- 
dent on many factors, including the route of delivery, the 
magnitude of immune stimulation, and the coadministered 
antigen. However, in the setting of TCI, mixed IgG subclass 
responses are elicited by CT, LT, and CpGs. CT is also known 
to stimulate cellular immunity to coadministered antigens in 
the form of cytotoxic T lymphocytes (28) and antigen-specific 
CD4 + T-cell responses (18, 26), but the T-cell response to CT 
itself has yet to be characterized. 

The use of topically applied vaccines may address the need 
for needleless vaccine delivery (19, 34) and decrease the bar- 
riers to immunization. In this study, we strengthen the obser- 
vation that adjuvants play an essential role in the induction of 
a robust immune response to TCI. We further show that widely 
different adjuvants, in terms of composition and mechanisms 
of action, can be applied to the skin to induce responses to 
coadministered antigens. Although these studies have used 
DTx as a test antigen, we have found that a wide variety of 
antigens, including particles such as live viruses, can be deliv- 
ered topically (20). The data presented here suggest that TCI 
embodies a broad observation that an antigen and adjuvant 
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applied to hydrated skin can induce potent systemic immune 
responses that may be expected to provide protection against 
vaccine -preventable disease. The several adjuvants described 
in this study are readily produced and inexpensive and, in 
several cases, can be safely circulated in the general population 
without side effects. Although there are significant challenges 
to the development of topical delivery of vaccines, TCI can be 
considered to be an important part of the array of immuniza- 
tion and vaccine delivery strategies. 

ACKNOWLEDGMENTS 

We thank Deborah Walwender and Hlaine Morrison for technical 
assistance, John Clements for providing LTR192G adjuvant and crit- 
ically evaluating the manuscript, and Wanda Hardy and Russell 
Kinkade for assistance in manuscript preparation. 

This work was supported and performed under a Cooperative Re- 
search and Development Agreement between Walter Reed Army 
Institute of Research and IOMAI Corporation. 

REFERENCES 

1. Babiuk, S., M. Baca-Estrada, L. A. Babiuk, C. Ewen, and M. Foldvari. 2000. 
Cutaneous vaccination: the skin as an immunologically active tissue and the 
challcimc of anliacn del i\ civ. J. Control. Release 66:199-214. 

2. Belyakov, I. M., M. A. Derby, J. D. Ahlers, B. L. Kelsall, P. Earl, B. Moss, W. 
Strober, and J. A. Berzofsky. 1998. Mucosal immunization with HIV-1 pep- 
tide vaccine induces mucosal and systemic cytotoxic T lymphocytes and 
protective immunity in mice against intrarectal recombinant HIV-vaccinia 
challenge. Proc. Natl. Acad. Sci. USA 4:1709-1714. 

3. Blanchard, T. G., N. Lycke, S. J. Czinn, and J. G. Nedrud. 1998. Recombi- 
nant cholera loxin I! subunil is nol an effective mucosal adjuvant lot oral 
immunization of mice against Helicobacter felis. Immunologv 94:22-27. 

4. Chong, C, M. Friberg, and J. D. Clements. 1998. LT(R192G), a non-toxic 
mutant of the heat-labile enterotoxin of l.n hcrichiu col:, elicits enhanced 
humoral and cellulai immune i espouses associated with protection against 
lethal oral ci) ilk i iib Sa 1 P x 1 ln > 11 

5. Chu, R. S., O. S. Targoni, A. M. Krieg, P. V. Lehmann, and C. V. Harding. 
199". ( p( i oliuodco.w nucleotides act as adjutants that switch on I helpei 1 
(Thl) immunity. J. Exp. Med. 186:1623-1631. 

6. Craig, J. 1965. The effect of cholera stool and culture filtrates on the skin of 
guinea pigs and rahhil p 153-158 In l'roc\ lin . I 'I ( holera Research 
Symposium, Honolulu. U.S. Public Health Service publication no. 1328. U.S. 
Public Health Service, Washington, D.C. 

7. Cuatrecasas. P. 1973 Interaction of I ' i enterotoxin with < II 
membranes. Biochemistry 12:3547-3558. 

8. Davis, H. L., R. Weeratna, T. J. Waldschmidt, L. Tygrett, J. Schorr, A. M. 
Krieg, and R. Weeratna. 1998. CpG DNA is a potent enhancer of specific 
immunity in mice immunized with recombinant hepatitis B surface antigen. 
J. Immunol. 160:870-876. 

9. Dickinson, B. L., and J. D. Clements. 1995. Dissociation of Escherichia coli 
heat-labile enterotoxin adjuvanticity from ADP-ribosvltransferase activity. 
Infect. Immun. 63:1617-1623. 

10. Douce, G., V. Giannclli, M. Pizza, 1). Lewis, P. Everest, R. Rappuoli, and G. 
Dougan. 1999. Genetically detoxified mutants of heat-labile toxin bom Esch- 
erichia coli are able to act as oral adjuvants. Infect. Immun. 9:4400-4406. 

11. Fairweather, N. F., V. A. Lyness, and D. J. Maskell. 1987. Immunization of 
mice against tetanus with fragments of tetanus toxin synthesized in Esche- 
richia coli. Infect. Immun. 55:2541-2545. 

12. Freytag, L. C, and J. D. Clements. 1999. Bacterial toxins as mucosal adju- 
vants. Curr. Top. Microbiol. Immunol. 236:215-230. 

13. Giuliani, M. M., G. Del Giudice, V. Giannelli, G. Dougan, G. Douce, R. 
Rappuoli. and M. Pizza. I 99.N. Mucosal adju\ anticiu and immunogenicily of 



LTR72, a novel mutant of Escherichia coli heat-labile enterotoxin with par- 
tial knockout of ADP-ribosMiiansfcrase activity. J. Exp. Med. 187:1123- 
1132. 

14. Glenn, G. M., M. Rao, R. L. Richards, G. R. Malyas. and C. R. Alving. 1995. 
Mm trie Ig 1 > subclass antibodies to antigens incoipoiated in liposomes con- 
taining lipid A. Immunol. Lett. 47:73-78. 

15. Glenn, G. M., M. Rao, G. R Matyas, and C. R. Alving. 1998. Skin immuni- 
zation made possible b\ choleia toxin. Nature 391:851. 

16. Glenn, G. M., T. Scharton-Kersten, R. Vassell, C. P. Mallet. T. L. Hale, and 
C. R. Alving. 1998. Transcutaneous immunization with cholera toxin protects 
mice against lethal mucosal toxin challenge. J. Immunol. 161:3211-3214. 

17. Glenn, G. M., T. Scharton-Kersten, R. Vassell, G. R. Matyas, and C. R. 
Alving. 1999. I ranscutaneous immuni/al ion « it li bacterial ADP-rihosylating 
exotoxins as antigens and adjuvants. Infect. Immun. 67:1100-1106. 

18. Glenn, G. M.. T. Scharton-Kersten, and C. R. Alving. 1999. Advances in 
vaccine delivery: transcutaneous immunization. Exp. Opin. Investig. Drugs 
8:797-805. 

19. Glenn, G., D. Lang, and D. Taylor. Transcutaneous immunization, p. 91-93. 
In The Jordan Report 2000: accelerated development of vaccines. National 
Institute of Allergy and Infectious Diseases, Bethesda, Md. 

20. Hammond, S. A, C. Tsonis, K. Rushlow, K. Scllins. T. Scharton-Kersten. f. 
Colditz, and G. Glenn. Transcutaneous immunization of animals: opportu- 
nities and challenges. Adv. Drug Delivery Rev., in press. 

I II ii lm in. A. It.. I.. I.. \ „i l)eVcT!> in I M. \ n> il n. 1999. Nali tnd 

protective efficacy of live attenuated and h. I ! ill d SI i vaccines. Infect. 
Immun. 11:5841-5847. 

22. Jakob, T., and M. C. Udey. 1999. Epidermal Langerhans cells: from neurons 
to nature's adjuvants. Adv. Dermatol. 14:209-258. 

23. Krieg, A. M., A. K Yi, J. Schorr, and H. L. Davis. 1998. The role of CpG 
dinucleotides in DNA vaccines, trends Microbiol. 6:23-27. 

24. Levine, M. M., J. B. Kaper, R E. Black, and M. L. Clemens. 1983. New 
knowledge on pathogenesis of bacterial infections as applied to vaccine 
development. Microbiol. Rev. 47:510-550. 

25. Liu, M. 1998. Vaccine developments. Nat. Med. 4(Suppl. 5):515-519. 

26. Lycke, N. 1997. The mechanism of cholera toxin adjuyanticity. Res. Immu- 
nol. 148:504-520. 

27. Michetti, P., C. Kreiss, K. L. Kotloff, N. Porta, J. L. Blanco, D. Bachmann, 
M. Herranz, P. F. Saldinger, I. Corthesy-Theulaz, G. Losonsky, R Nichols, 
J. Simon, M. Stolte, S. Ackerman, T. P. Monath, and A. L. Blum. 1999. Oral 
immunization with urease and ' beat-l il uilciotoxin is safe 
and immunogenic in Helicobacter py/ori-infected adults. Gastroenterology 
116:804-812. 

28. Porgador, A., H. F. Staats, B. Faiola, E. Gilboa, and T. J. Palker. 1997. 
Intranasal immunization with ("II. epitope peptides fiom I II V I oi o\ albu- 
min and the mucosal adjuvant cholera toxin induce- pept ide-specilic C.'TLs 
and protection against tumor development in vivo. J. Immunol. 158:834-841. 

29. Scharton-Kersten, T., G. M. Glenn, R. Vassell, J. Yu, D. Walwender, and 
C. R. Alving. 1999. Principles of transcutaneous immunization using cholera 
toxin as an adjuvant. Vaccine 17(Suppl.l:S37-S43. 

30. Shahin, R. D., D. F. Amsbaugh, and M. F. Leef. 1992. Mucosal immunization 

> iiii ii! i i i nli u in in , I in pi ik ■ lin t li is pn i 

tory infection. Infect. Immun. 60:1482-1488. 

31. Singh. M., and D. O'Hagan. 1999. Advances in vaccine adjuvants. Nat. 
Biotechnol. 17:1075-1081. 

32. Snider, D. P. 1995. The mucosal adjuvant activities of ADP-ribosylating 
bacterial enterotoxins. Crit. Rev. Immunol. 15:317-348. 

33. Walker, P. S., T. Scharton-Kersten, A. M. Krieg, L. Love-Homan, E. D. 
Rowton, M. C. Udey, and J. C. Vogel. 1999. Immunostimulatory oligode- 
oxvnucleolides promote protective immunity and piovidc systemic therapy 
foi leishmaniasis via 11-12- and II N-uamma-dependenl mechanisms. Proc. 
Natl. Acad. Sci. USA 96:6970-6975. 

34. World Health Organization. 1996. Reducing the risk of unsafe injections in 
immunization programmes: the role of injection equipment. World Health 
Organization Expanded Programme on Immunization, Geneva, Switzerland. 



Editor: D. L. Burns 



